In contrast to two-dimensional (2D) films that project flat images, stereoscopic films elicit the feeling of being at a live performance. However, asthenopia and visually-induced motion sickness (VIMS) can result from the exposure to these films. Even though various hypotheses exist, the pathogenesis of VIMS is still unclear. There is not enough knowledge on the effects of stereoscopic images on the living body, and the accumulation of basic research is thus important. The aim of this paper is to accumulate information relevant to VIMS and to examine whether the exposure to 3D video clips affects the human equilibrium functions. We also verified that 3D viewing effects on our equilibrium function depends on exposure time.
sence of a sensory message that is expected in a given situation, are thought to lead to the feeling of sickness. Selfspatial localization becomes unstable and produces discomfort. Researchers generally agree that there is a close relationship between the vestibular and autonomic nervous systems both anatomically and electrophysiologically. This view strongly indicates that the equilibrium system is associated with the symptoms of motion sickness [7] and provides a basis for the quantitative evaluation of motion sickness based on body sway, an output of the equilibrium system.
Stabilometry is a useful test of body equilibrium for investigating the overall equilibrium function. Stabilometry methods are presented in the standards of the Japanese Society for Equilibrium Research and in international standards [8] . Stabilometry is a simple test in which 60 seconds recording starts when body sway stabilizes [9] . Objective evaluation is possible by the computer analysis of the speed and direction of the sway, enabling diagnosis of a patient's condition [10] .
In previous studies, viewing 3D video clip has been shown to affect body sway [11] . However, thus far, it has not been mentioned on remarkable influence while viewing 3D video clips. In this paper, we examined the 3D video clip effect on our equilibrium function to determine whether it is dependent on the exposure time.
Enpirical Study with Stabilometry 2.1 Materials and methods
Sixteen healthy male subjects (mean age ± standard deviation: 22.2 ± 0.7 years) participated voluntarily in the study. We ensured that the body sway was not affected by environmental conditions. We used an air conditioner to adjust the temperature at 25
• C in the exercise room. S11 S12 F. Kinoshita et al. The experiment was explained to all subjects and written informed consent was obtained in advance.
In this experiment, we conducted a stabilometry test with subjects viewing 2D and 3D video clips. The device used was a Wii Balance Board (Nintendo, Kyoto). The sampling frequency of the Wii Balance Board was 20 Hz. The subjects stood upright on the device in Romberg's posture. We conducted two types of measurements: (I) after resting for 30 seconds, the body sway of each subject was measured for 1 minute with opened eyes, and (II) after resting for 30 seconds, the body sway of each subject was measured for 2 minutes with opened eyes. We herein collected data for the later half of this 2 minutes. Experiments were performed in a dark room to avoid irritation from sources other than the video. The 2D or 3D video clips were shown on a 3D KDL 40HX80R display (SONY, Tokyo) placed 2 meters away from the subject. In the video clip used in the experiment, while sphere moved around the screen (Fig. 1) . A comparison was then made with subjects who were asked to simply gaze at a point 2 meters in front of them. The experiments were carried out in random order. Each experiment was carried out on a separate day.
Analysis method
The x-y coordinates were recorded for each sampled time point collected in the tests that were conducted with open and closed eyes, and the quantitative indices were calculated. The data were converted to time series and included the position of the center of pressure (COP) in the x (the right direction, designated as positive) and y (the anterior direction, designated as positive) directions in each of the open eye tests. The area of sway, total locus length used for subsequent evaluation. The area of sway and total locus length are analytical indices of stabilograms that were used in previous studies. We used these based on the definitions established by the Japanese Society for Equilibrium Research.
• Area of sway: Area of a region surrounded (enveloped) by the circumferential line of sway on the x-y coordinates. An increase in the value represents a more unstable sway;
• Total locus length: Total extended distance of movement of the COP within the measurement time period. An increase in the value represents a more unstable sway.
The area of sway and total locus length are analytical indices of stabilograms that were used in previous studies. We used these based on the definitions established by the Japanese Society for Equilibrium Research. We calculated the correlation coefficients between the two analysis, respectively.
Numerical analysis
In stabilogram, variables x (the right direction, designated as positive) and y (the anterior direction, designated as positive) are regarded to be independent [12] . The linear stochastic differential equation (Brownian motion process) have been proposed as a mathematical model to describe body sway [13, 14, 15] . To describe the individual body sway, we especially show that it is necessary to extend the following nonlinear stochastic differential equations:
where w x (t) and w y (t) are pseudorandom numbers produced by white Gaussian noise [16] . The following formula describes the relationship between the distribution in each direction, G x (x) and G y (y) and the temporal averaged potential constituting the stochastic differential equations (SDEs);
The variance of stabilograms generally depends on the temporal averaged potential function (TAPF) with several minimum values when it follows the Markov process without abnormal dispersion. SDEs can represent movements within local stability with a high frequency component near the minimal potential surface, where a high density at the measurement point is expected. Histograms of the stabilograms were obtained from each subjects. Mean of each stabilogram was set to be (0, 0) by statistical processing. We compared histograms that were composed of all subjects' stabilograms with eyes open. The TAPFs in viewing 2D and 3D video clips were determined from the histograms using Eqs. (5) and (6) . The TAPFs were herein regressed by the following polynomial of degree 4 (Fig. 2) .
The following SDEs were derived from the mathematical model of the body sway Eqs. (1) and (2) into which was substituted the Eqs. (5) and (6) .
where µ represents the noise amplitude. We rewrote Eqs. (7) and (8) into the difference equation and obtained numerical solutions with the Runge-Kutta-Gill formula as the numerical calculus. In Eqs. (7) and (8), the initial values of (x, y) were set to be (0, 0). The pseudorandom numbers (mean ± standard deviation: 1 ± 1) were generated to substitute into the white Gaussian noise w. Setting the noise amplitude µ and time step t were set to be every 0.1 step from 0.1 to 4 and 0.001 step from 0.001 to 0.05, respectively. Numerical analysis was employed for 22,000 steps, and the first 10,000 steps of the numerical solutions were discarded due to dependence of the initial value. The remaining 12,000 steps were divided into 1,200-step increments. The area of sway (Y s) and total locus length (Xs) were also calculated in these numerical solutions. Designating the measured the area of sway and the total locus length as (Y r) and (Xr), errors (E) between the numerical solutions of the mathematical model and measured data was defined as follows:
We then estimated the smallest E for each parameter µ and t (Fig. 3) , and the variance of E on E-t plane as
was calculated to determine the plateau of the error E. The left bound t * was defined as the optimum value for the plateau in the case that the variance (10) exceeded 0.3 in this study (Fig. 4) . This parameter was calculated for each subject.
Results
Stabilograms measured during exposure to a 2D video clip were compared with those of a 3D (Fig. 5) . In these figures, the vertical axis shows the anterior and posterior movements of the COP, and the horizontal axis shows the right and left movements of the COP. We also calculated the area of sway, total locus length for each stabilogram (Fig. 6) . Regardless of the solidity on video clips (2D/3D), the area of sway and total locus length while viewing video clips (II) were smaller than those while viewing video clips (I), respectively. As a result of the Wilcixon signed-rank test, the value of the area of sway and the total locus length were significantly greater while viewing the video clip (I)-2D and the control compared with those while viewing the video clip (II)-3D ( p < 0.05).
Histograms of each component were obtained from subjects's stabilograms. The TAPFs in each case (I) and (II) were constructed from the histograms using Eqs. (5) and (6) . The TAPFs were sufficiently regressed by those polynomials for degree 4. Eqs. (7) and (8) were rewrote into the difference equation, and the numerical solutions were obtained with the Runge-Kutta-Gill formulae (Fig. 7) . The area of sway and total locus length were also calculated in these numerical solutions. The smaller E we obtained, the better description the numerical simulation could give us. (a) ( ) (b) ( ) Fig. 6 . Result of the area of sway (a) and total locus length (b) (average ± SE).
The value of errors E was evaluated with the control parameter t and µ in the abovementioned difference equations (Fig. 8) . Thereafter we estimate the smallest E for each parameter t and µ. The left bound t * was defined as the optimum value for the plateau in the case that the variance (10) exceeded 0.3 in this study. This parameter was calculated for each subject and experimental condition.
The average value of the optimum values is shown in Table 1. The greatest t * was obtained during the control (Fig. 9b) . Conversely, the smallest one was obtained while viewing the video clip (II)-3D. The greatest µ was also obtained while viewing the video clip (II)-3D, and the smallest one was obtained while viewing the video clip (I)-2D (Fig.  9a) . In this paper, µ × t * was evaluated for the rigidity of the postural control. The value of µ × t * while viewing the video clip (II)-3D was smaller than the other case (Fig.  9d) . The value while viewing the video clip (II)-3D was significantly smaller than that while viewing the video clip (II)-2D and the control ( p < 0.05).
Discussion
In this paper, we evaluated the body sway during 2D/3D video clips viewing. From the numerical analysis the SDEs (7) and (8), we obtained the smallest rigidity in the postural sway while viewing the video clip (II)-3D. The optimum values in the numerical evaluation were correlated with the sway values. It seems that the optimum noise ampritudes and time step strongly affect the system to control the upright posture. Using the optimum time step t * , we could detect more differences between the condition levels as shown in Fig. 9b . Using a mathematical model for the evaluation of the stabilograms may contribute to the elucidate of the postural control system.
The human standing posture is controled by the equilibrium function, which is involuntary physiological adjustment mechanism. Sensory signals such as visual inputs, auditory/vestibular inputs, and proprioceptive inputs from the skin, muscles, and joints are the inputs that involved in the equilibrium function. It is there is a close relationship between the vestibular and autonomic nervous systems both anatomically and electrophysiologically. This view strongly indicates that the equilibrium system is associated with the symptoms of motion sickness [7] and provides a basis for the quantitative evaluation of motion sickness based on body sway, an output of the equilibrium system. In general, the stabilometry is a simple test for 60 seconds recording after the upright posture was stabilized. It is able to evaluate objectively by the computer analysis of the speed and direction of the body sway, which enables to diagnose and/or follow a patient's condition.
Previous studies have measured the body sway dur- ing/after the exposure to the video clips [11, 17, 18] , and it has been shown that the equilibrium function is affected by the 3D viewing. Especially, the significant influence was obtained from the sway values with the eyes closed after viewing the 3D video clips [17, 18] . Also, it has been elucidated whether the unstability depends on the exposure period. However, it has not been mentioned on remarkable influence while viewing 3D video clips. In this paper, we conducted two types of measurements after resting for 30 seconds: (I) the body sway of each subject was measured for 1 minute with eyes open, and (II) the body sway of each subject was measured for 2 minutes with eyes open. Using the numerical analysis, we examined the 3D viewing effect on our equilibrium function while viewing 3D video clips. Also, we evaluated the rigidity of the postural control system with our numerical analysis. The previous research showed that the sway values after viewing the 3D video clip are greater than those after viewing the 2D. In this study, the value of the area of sway and the total locus length were significantly greater while viewing the video clip (I)-2D and the control compared with those while viewing the video clip (II)-3D ( p < 0.05). Also, we proposed the mathematical model while viewing the video clips and evaluated the stabilograms by the numerical analysis. In the numerical solution, the area of sway and the total locus length were proportional to the product µ × t * . In this paper, when t * was around 0.019 and µ was around 3.9 showed close to the actual measurement value of the area of sway and total locus length. The rigidity of the postural control system was the smallest while viewing the video clip (II)-3D. A flexible system to control body sway reduces the product of µ × t. Fine postural control, which has been regarded as an anomalous system to control the upright posture, might be seen before the outbreak of motion sickness. This anomalous process is considered to be a clue to elucidating the procedure of the motion sickness and predicting the time when the first symptom of motion sickness will appear.
In the future, we will extend the viewing period of video clips and use the subjective questionnaire to examine the relationship between the VIMS and the body sway. Also, based on the numerical analysis of stabilograms, it was possible to evaluate postural control that could not be seen with the area of sway and total locus length. Using a mathematical model for the evaluation of the stabilograms may contribute to the elucidation of the postural control system.
